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SECTION XXX.01  DESCRIPTION

This item shall consist of furnishing and driving foundation piles of the type and dimensions designated, including cutting off or building up foundation piles when required.  Piling shall conform to and be installed in accordance with these specifications, and at the location, and to the elevation, penetration and/or capacity shown on the plans, or as directed by the Engineer.

The Contractor shall furnish the piles in accordance with an itemized order list which will be furnished by the Engineer, showing the number and length of all piles.  When test piles are required, the pile lengths shown on the plans are for estimating purposes only and the actual lengths to be furnished for production piles will be determined by the Engineer after the test piles have been driven.  The lengths given in the order list will be based on the lengths which are assumed after cutoff to remain in the completed structure.  The Contractor shall, without added compensation, increase the lengths to provide for fresh heading and for such additional length as may be necessary to suit the Contractor's method of operation.

Commentary: 
The objective of this specification is to provide criteria by which the Owner can assure that designated piles are properly installed and the Contractor can expect equitable compensation for work performed.  The Owner's responsibility is to estimate the pile lengths required to safely support the design load.  Pile lengths should be estimated based on subsurface explorations, testing and analysis which are com​pleted during the design phase.  Pile contractors who enter contractual agreements to install piles for an owner should not be held accountable or indirectly penalized for inaccuracies in estimated lengths.  The Contractor's responsibility is to provide and install designated piles, undamaged, to the lengths specified by the Owner.   This work is usually accomplished within an established framework of restrictions necessary to insure a "good" pile foundation.  The price bid for this item of work will reflect the Contractor's estimate of both actual cost to perform the work and perceived risk.
SECTION XXX.02  MATERIALS

Materials shall meet the requirements in the following Subsections of Section XXX ‑ Materials:

Portland Cement Concrete

Reinforcing Steel

Structural Steel

Castings for Pile Shoes

Steel Shells for Cast in Place Piles

Timber Piles

Paint / Coatings

Timber Preservative and Treatment

Commentary:  
The appropriate sections of each agency's standard specifications should be in​cluded under the XXX.02 Materials Section.  A generic materials section cannot be provided herein, considering the vast combinations of materials used in piling operations and the varying control methods used by individual highway departments.  The above list contains the common material components.  Additions or deletions may be required to this list based on the content of individual agency standard specifications and the pile type specified.
SECTION XXX.03.  EQUIPMENT FOR DRIVING PILES

A.
Pile Hammers:  Piles may be driven with air, steam, diesel, or hydraulic hammers.  Gravity hammers, if specifically permitted in the contract, shall only be used to drive timber piles.  When gravity hammers are permitted, the ram shall weigh between 900 and 1600 kg and the height of drop shall not exceed 4 m.  In no case shall the weight of gravity hammers be less than the combined weight of helmet and pile.  All gravity hammers shall be equipped with hammer guides to insure concentric impact on the helmet.

The plant and equipment furnished for air/steam hammers shall have sufficient capacity to maintain at the hammer, under working conditions, the volume and pressure specified by the manufacturer.  The plant and equipment shall be equipped with accurate pressure gauges which are easily accessible to the Engineer.  The weight of the striking parts of air and steam hammers shall not be less than 1/3 the weight of helmet and pile being driven, and in no case shall the striking parts weigh less than 1250 kg.

Open end (single acting) diesel hammers shall be equipped with a device such as rings on the ram to permit the Engineer to visually determine hammer stroke at all times during pile driving operations.  Also, the Contractor shall provide the Engineer a chart from the hammer manufacturer equating stroke and blows per minute for the open‑end diesel hammer to be used.  Closed end (double acting) diesel hammers shall be equipped with a bounce chamber pressure gauge, in good working order, mounted near ground level so as to be easily read by the Engineer.  Also, the Contractor shall provide the Engineer a chart, calibrated to actual hammer performance within 90 days of use, equating bounce chamber pressure to either equivalent energy or stroke for the closed‑end diesel hammer to be used.

The power plant for hydraulic hammers shall have sufficient capacity to maintain at the hammer, under working conditions, the volume and pressure specified by the manufacturer.  The power plant and equipment shall be equipped with accurate pressure gauges which are easily accessible to the Engineer.

Commentary:  
Pile inspectors frequently do not possess adequate knowledge or technical information concerning even the most basic details of the Contractor's hammer.  Chapters 22 and 24 provide information on driving equipment and inspection.  Highway agencies should also provide pile inspectors with basic manuals such as FHWA/RD‑86/160 "The Performance of Pile Driving Systems: "Inspections Manual" or "Inspectors Manual for Pile Foundations" and "A Pile Inspectors Guide to Hammers, Second Edition" available from the Deep Foundation Institute, 120 Charlotte Place, Englewood Cliffs, NJ 07632.

Non‑impact hammers, such as vibratory hammers, or driving aids such as jets, followers and prebored holes shall not be used unless either specifically permitted in writing by the Engineer or stated in the contract documents.  When permitted, such equipment shall be used for installing production piles only after the pile toe elevation for the ultimate pile capacity is established by load testing and/or test piles driven with an impact hammer.  The Contractor shall perform, at his cost, such load tests and/or extra work required to drive test piles as determined by the Engineer as a condition of approval of the non​-impact hammers or driving aids.  Installation of production piles with vibratory hammers shall be controlled according to power consumption, rate of penetration, specified toe elevation, or other means acceptable to the Engineer which assure the ultimate pile capacity equals or exceeds the ultimate capacity of the test pile.  In addition, one of every ten piles driven with a vibratory hammer shall be restruck with an impact hammer of suitable energy to verify the ultimate pile capacity as in XXX.04(D).

Commentary:  
At present no formula exists to reliably predict the capacity of piles driven with vibratory hammers.  Until reliable procedures are developed for vibratory installation, special precautions must be taken to insure foundation piles installed with vibratory hammers have both adequate capacity and structural integrity.  On critical projects, highway agencies should consider the use of dynamic testing during restrike to substantiate pile capacity and integrity.
B.
Approval of Pile Driving Equipment: All pile driving equipment furnished by the Contractor shall be subject to the approval of the Engineer.  It is the intent of this specification that all pile driving equipment be sized in such a way that the project piles can be driven with reasonable effort to the ordered lengths without damage.  Approval of pile driving equipment by the Engineer will be based on wave equation analysis and/or other judgments.  In no case shall the driving equipment be transported to the project site until approval of the Engineer is received in writing.  Prerequisite to such approval, the Contractor shall submit to the Engineer the necessary pile driving equipment information at least 30 days prior to driving piles.  The form which the Contractor shall complete with the above information is shown in Figure 12.1.
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Figure 12.1 Pile and Driving Equipment Data Form





Commentary:  
Use of wave equation analysis for approval of driving equipment can substantially reduce pile driving costs and pile driving claims by checking that the equipment mobilized to the job can drive the pile to the required penetration depth without damage.  Public agencies should encourage Contractors to use wave equation analysis to select the optimum hammer for each project.  In cases where disputes arise over rejection of pile driving equipment, the Engineer should request the Contractor to submit proof of the adequacy of the pile driving equipment.  Such proof should consist of, but not be limited to, a wave equation analysis of the proposed driving equipment performed by a registered professional engineer.  All costs of such submissions, if required, shall be the responsibility of the Contractor.

The pile and driving equipment data form should be submitted for approval even if wave equation analysis will not be used for hammer approval.  The approved form should be used by the pile inspector to check the proposed hammer and drive system components are as furnished and are maintained during the driving operation.  Few agencies currently supply the pile inspector with any such information on which rational inspection can be based.
The criteria, which the Engineer will use to evaluate the driving equipment from the wave equation results, consists of both the required number of hammer blows per  0.25 meter as well as the pile stresses at the required ultimate pile capacity.  The required number of hammer blows indicated by the wave equation at the ultimate pile capacity shall be between 30 and 120 blows per 0.25 meter for the driving equipment to be acceptable.

In addition, for the driving equipment to be acceptable the pile stresses which are indicated by the wave equation to be generated by the driving equipment shall not exceed allowable values.  For steel piles, maximum compressive driving stresses shall not exceed 90% of the minimum yield strength of the pile material.  For prestressed concrete piles in normal environments, tensile stresses shall not exceed 0.25 multiplied by the square root of the concrete compressive strength, f’c plus the effective prestress value, fpe, i.e. 
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.  Both f'c and fpe in this equation must be in MPa.  For prestressed concrete piles in severe corrosive environments, tensile stresses shall not exceed fpe.  Compressive stresses for prestressed concrete piles shall not exceed 85% of the compressive strength minus the effective prestress value, i.e. (0.85 f'c - fpe).  For timber piles, the compressive driving stress shall not exceed three times the allowable static design strength listed on the plans. These criteria will be used in evaluating wave equation results to determine acceptability of the Contractor's proposed driving system.

The Contractor will be notified of the acceptance or rejection of the driving system within 14 calendar days of the Engineer's receipt of the Pile and Driving Equipment Data Form.  If the wave equation analyses show that either pile damage or inability to drive the pile with a reasonable driving resistance to the desired ultimate capacity will result from the Contractor's proposed equipment or methods, the Contractor shall modify or replace the proposed methods or equipment at his expense until subsequent wave equation analyses indicate the piles can be reasonably driven to the desired ultimate capacity, without damage.  The Engineer will notify the Contractor of the acceptance or rejection of the revised driving system within 7 calendar days of receipt of a revised Pile and Driving Equipment Data Form.

During pile driving operations, the Contractor shall use the approved system.   No variations ln the driving system will be permitted without the Engineer's written approval.  Any change in the driving system will only be considered after the Contractor has submitted the necessary information for a revised wave equation analysis.  The Contractor will be notified of the acceptance or rejection of the driving system changes within 7 calendar days of the Engineer's receipt of the requested change.  The time required for submission, review, and approval of a revised driving system shall not constitute the basis for a contract time extension to the Contractor.

Commentary:  
The ultimate pile capacity during driving is the soil resistance which must be overcome (including resistance from unsuitable layers and scour zone soils) to reach the pile penetration depth where the design load can be obtained with an acceptable safety factor.  The safety factor selected will depend on design factors, such as quantity of subsurface information and geotechnical analysis, as well as construction factors such as the use of load tests, wave equation or dynamic formula to determine pile capacity.  When proper foundation exploration procedures and static analyses such as those described in this manual are employed, the following safety factors on design load may be used, based on the pile construction control procedures specified:

Construction Control Method


Factor of Safety
Static load test with wave equation analysis

2.00

Dynamic testing with wave equation analysis

2.25

Indicator piles with wave equation analysis

2.50

Wave equation analysis




2.75

Gates dynamic formula




3.50

The ultimate pile capacity during driving is affected by:

1.
The resistance in unsuitable soil layers overlying suitable support layers.

2.
Temporary loss or increase in soil strength due to driving operations. 

3.
Pile installation methods which alter the in place soil resistance such as jetting, preboring, etc.

The designer must estimate the ultimate pile capacity to be encountered during driving if pile driving resistance is to be used to determine pile capacity.  Only on the most routine pile projects will the ultimate pile capacity be equal to the pile design load multiplied by the design safety factor.  More typically, piles are used to penetrate upper soil layers which are unsuitable for load support due to either poor soil characteristics, or future loss of load support by scour or erosion.  In such cases the resistance in unsuitable layers is not considered in determining the pile penetration necessary to support the design load at the appropriate safety factor.  However, the estimated ultimate pile capacity to be encountered during driving must include the resistance to be encountered in penetrating those unsuitable layers, in addition to the design load multiplied by the safety factor.  This ultimate pile capacity must be shown on the contract documents to permit the Contractor to properly size the driving equipment and the Engineer to judge the acceptability of the Contractor's driving equipment.  Optimum pile installation generally occurs when the ultimate pile capacity is achieved at a driving resistance near the point of maximum curvature (usually 60‑100 blows per 0.25 meter) of the wave equation bearing graph.  Larger driving resistances result in negligible pile penetration per blow and generally inefficient driving conditions.  Excessive driving resistances can also result in damage to the pile or the driving system.
1.
Alternate Approval Method:  An alternate method of driving equipment approval will be used when either the contract documents contain a provision that wave equation analysis will not be used for approval of driving equipment.  The alternate approval method requires that the energy of the driving equipment submitted for approval on the Pile and Driving Equipment Data form, be rated by the manufacturer at or above an appropriate minimum energy level for the ultimate pile capacity shown on the plans.  The minimum energy requirements are as follows:

	TABLE 12-1 ALTERNATE APPROVAL METHOD

Minimum Pile Hammer Requirements

	Ultimate Pile Capacity

(kN)
	Minimum Manufacturers Rated

Hammer Energy  (Joules)*

	800 and under

800 to 1350

1351 to 1850

1851 to 2400

2401 to 2650

2650 and over
	----

----

----

----

----

----


*
Previously published tables which included specific values were based on assumptions which might not be appropriate for local conditions and were subject to misinterpretation.

Commentary:  
A table of the minimum rated hammer energy vs. ultimate pile capacity should be developed using wave equation analyses of commonly available driving systems for the pile types, pile lengths, and pile loads routinely used by the specific agency.  These analyses should model the typical soil and pile installation conditions.  The wave equation results should be evaluated for driving stress levels and driving resistances to determine which hammer energies are too large (driving stress problems or driving resistances at ultimate capacity less than 30 blows per 0.25 meter) and which energies are too small (driving resistances at ultimate capacity greater than 120 blows per 0.25 meter).  

Once the specific table of energy values has been developed, it should only be considered for routine projects in uniform soil conditions or when the agency is in the process of phasing the wave equation analysis into standard use.  Projects involving long piles or large ultimate pile capacities relative to the design load (such as scour piles or piles to be driven through embankments) should use job specific wave equation analysis to establish minimum driving equipment requirements.  Piles to rock should also be evaluated by wave equation analysis to reduce the risk of pile damage from too large a hammer.
During pile driving operations, the Contractor shall use the approved system.  If the Engineer determines the Contractor's hammer is unable to transfer sufficient energy to the pile, the hammer shall be removed from service until repaired to the satisfaction of the Engineer.   No variations in the driving system will be permitted without the Engineer's written approval.  Any changes in the driving system will be considered only after the Contractor has submitted a new Pile and Driving Equipment Data form.  The Contractor will be notified of the acceptance or rejection of the proposed change in driving equipment within 7 calendar days of the Engineer's receipt of the form.

C.
Drive System Components and Accessories
1.
Hammer Cushion:  Impact pile driving equipment designed to be used with a hammer cushion shall be equipped with a suitable thickness of hammer cushion material to prevent damage to the hammer or pile and to insure uniform driving behavior.  Hammer cushions shall be made of durable manufactured materials, provided in accordance with the hammer manufacturer's guidelines.  Wood, wire rope, and asbestos hammer cushions are specifically disallowed and shall not be used.  A striker plate as recommended by the hammer manufacturer shall be placed on the hammer cushion to insure uniform compression of the cushion material.  The hammer cushion shall be removed from the helmet and inspected in the presence of the Engineer when beginning pile driving at each structure or after each 100 hours of pile driving, whichever is less.  Any reduction of hammer cushion thickness exceeding 25% of the original thickness shall be replaced by the Contractor before driving is permitted to continue.

Commentary:  
For hammers requiring cushion material, mandatory use of a durable hammer cushion material which will retain uniform properties during driving is necessary to accurately relate driving resistance to pile capacity.   Non‑durable materials which deteriorate during driving cause erratic estimates of pile capacity and, if allowed to dissolve, result in damage to the pile or driving system.
2.
Helmet:  Piles driven with impact hammers require an adequate helmet or drive head to distribute the hammer blow to the pile head.  The helmet shall be axially aligned with the hammer and the pile.  The helmet shall be guided by the leads and not be free‑swinging.  The helmet shall fit around the pile head in such a manner as to prevent transfer of torsional forces during driving, while maintaining proper alignment of hammer and pile.

For steel and timber piling, the pile heads shall be cut squarely and a helmet, as recommended by the hammer manufacturer, shall be provided to hold the axis of the pile in line with the axis of the hammer.

For precast concrete and prestressed concrete piles, the pile head shall be plane and perpendicular to the longitudinal axis of the pile to prevent eccentric impacts from the helmet.

For special types of piles, appropriate helmets, mandrels or other devices shall be provided in accordance with the manufacturer's recommendations so that the piles may be driven without damage.

3.
Pile Cushion:  The heads of concrete piles shall each be protected by a pile cushion.  Pile cushions shall be made of plywood, hardwood, or composite plywood and hardwood materials.  The minimum pile cushion thickness placed on the pile head prior to driving shall not be less than 100 mm.  A new pile cushion shall be provided for each pile.  In addition the pile cushion shall be replaced if, during the driving of any pile, the cushion is compressed more than one-half the original thickness or it begins to burn.  The pile cushion dimensions shall match the cross sectional area of the pile top.  The use of manufactured pile cushion materials in lieu of a wood pile cushion shall be evaluated on a case by case basis.

Commentary:  
A pile cushion is only needed for the protection of concrete piles.  If the wave equation analysis of the Contractor's hammer indicates tension stresses exceed specification limits, the pile cushion may need to be substantially thicker than 100 mm.  Pile cushion thicknesses up to 460 mm have been used to mitigate tension stresses.  Compressive stresses at the pile head can be controlled with a relatively thin pile cushion.  However, wood pile cushions may become overly compressed and hard after about 1000 hammer blows.  The physical characteristics of manufactured pile cushion materials should be determined by standard test procedures such as the Deep Foundations Institute standard "Testing of Pile Driving Cushion Material".
4.
Leads:  Piles shall be supported in line and position with leads while being driven.  Pile driver leads shall be constructed in a manner that affords freedom of movement of the hammer while maintaining alignment of the hammer and the pile to insure concentric impact for each blow.  Leads may be either fixed or swinging type.  Swinging leads, when used, shall be fitted with a pile gate at the bottom of the leads and, in the case of batter piles, a horizontal brace may be required between the crane and the leads.  The pile section being driven shall not extend above the leads.  The leads shall be adequately embedded in the ground or the pile constrained in a structural frame such as a template to maintain alignment.  The leads shall be of sufficient length to make the use of a follower unnecessary, and shall be so designed as to permit proper alignment of batter piles.

5.
Followers:  Followers shall only be used when approved in writing by the Engineer, or when specifically stated in the contract documents.  In cases where a follower is permitted, the first pile in each bent and every tenth pile driven thereafter shall be driven full length without a follower, to determine that adequate pile penetration is being attained to develop the ultimate pile capacity.

The follower and pile shall be held and maintained in equal and proper alignment during driving.  The follower shall be of such material and dimensions to permit the piles to be driven to the penetration depth determined necessary from the driving of the full length piles.  The final position and alignment of the first two piles installed with followers in each substructure unit shall be verified to be in accordance with the location tolerances in Section XXX.04(E) before additional piles are installed.

Commentary:  
The use of a follower often causes substantial and erratic reductions in the hammer energy transmitted to the pile due to the follower flexibility, poor connection to the pile head, frequent misalignment, etc.   Reliable correlations of driving resistance with ultimate pile capacity are very difficult when followers are used.  Severe prob​lems with pile alignment and location frequently occur when driving batter piles with a follower in a cofferdam unless a multi‑tier template is used.
6.
Jets:  Jetting shall only be permitted if approved in writing by the Engineer or when specifically stated in the contract documents.  When jetting is not required in the contract documents, but approved after the Contractor's request, the Contractor shall determine the number of jets and the volume and pressure of water at the jet nozzles necessary to freely erode the material adjacent to the pile without affecting the lateral stability of the final in place pile.  The Contractor shall be responsible for all damage to the site caused by unapproved or improper jetting operations.  When jetting is specifically required in the contract documents, the jetting plant shall have sufficient capacity to deliver at all times a pressure equivalent to at least 700 kPa at two 19 mm jet nozzles.  In either case, unless otherwise indicated by the Engineer, jet pipes shall be removed when the pile toe is a minimum of 1.5 m above prescribed toe elevation and the pile shall be driven to the required ultimate pile capacity with an impact hammer.  Also, the Contractor shall control, treat if necessary, and dispose of all jet water in a manner satisfactory to the Engineer.

7. Preboring:  When stated ln the contract documents, the Contractor shall prebore holes at pile locations to the depths shown on the plans.  Prebored holes shall be of a size smaller than the diameter or diagonal of the pile cross section that is sufficient to allow penetration of the pile to the specified depth.  If subsurface obstructions, such as boulders or rock layers, are encountered, the hole diameter may be increased to the least dimension which is adequate for pile installation.   Any void space remaining around the pile after completion of driving shall be filled with sand or other approved material.  The use of spuds, a short strong driven member which is removed to make a hole for inserting a pile, shall not be permitted in lieu of preboring.

SECTION XXX.04  CONSTRUCTION METHODS

A.
Driven Pile Capacity
1.
Wave Equation:  The ultimate pile capacity shall be determined by the Engineer, based on a wave equation analysis.  Piles shall be driven with the approved driving equipment to the ordered length or other lengths necessary to obtain the required ultimate pile capacity.  Jetting or other methods to facilitate pile penetration shall not be used unless specifically permitted either in the contract documents or approved by the Engineer after a revised driving resistance is established from the wave equation analysis.  Adequate pile penetration shall be considered to be obtained when the specified wave equation resistance criteria is achieved within 1.5 m of the pile toe elevation, based on ordered length.  Piles not achieving the specified resistance within these limits shall be driven to penetrations established by the Engineer.

2.
Dynamic Formula:  The ultimate pile capacity will only be determined by dynamic formula if either the contract documents contain a provision that dynamic formula shall be used or the Engineer approves dynamic formula use.  In such cases, piles shall be driven to a penetration depth necessary to obtain the ultimate pile capacity according to the following formula:
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Where:
Ru=
the ultimate pile capacity (kN).

Er =
the manufacturer's rated hammer energy (Joules) at the field observed ram stroke.

log(10Nb) =
logarithm to the base 10 of the quantity 10 multiplied by Nb, the number of hammer blows per 25 mm at final penetration.

The number of hammer blows per 0.25 meter of pile penetration required to obtain the ultimate pile capacity shall be calculated as follows:
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Commentary:  
Driven pile capacity should be monitored in terms of ultimate pile capacity; not design load.  The driving resistance at any penetration depth reflects the total capacity mobilized by the pile.  This total capacity may include capacity mobilized temporarily in soil deposits unsuited for bearing, as well as suitable bearing layers.  Therefore, the driving resistance should be established for the ultimate pile capacity that must be overcome in order to reach anticipated pile penetration depth.  These ultimate capacities are determined by static analysis procedures.   In the case of piles to be driven to a specified minimum pile toe elevation, the ultimate pile capacity must be computed by static analysis to include the capacity of all soil layers penetrated by the pile above the minimum pile toe elevation as well as the end bearing resistance at that depth.  Also, the ultimate pile capacity is directly related to the maximum pile driving stress during installation.  This stress is more critical than the stress caused after installation by the design load.

Good piling practices dictate use of the wave equation in place of dynamic formulas to monitor driven pile capacity for all projects.  The driving resistance and maximum pile stresses should be determined for the ultimate pile capacity.  Use of the wave equation will permit the use of lower safety factors on the design load and the minimum permissible pile section to resist the driving force.  This will result in significant cost reductions due to savings in pile lengths and use of smaller pile sections.  FHWA recommends that all agencies phase in wave equation analysis with an ultimate goal of eliminating use of dynamic formulas on all pile projects.  Wave equation analysis is discussed in greater detail in Chapter 17 of this manual.  

The Engineering News formula is recognized to be the least accurate and least consistent of all dynamic formula, yet the vast majority of all States continue to use this formula.  The Washington State DOT study WA-RD-163.1 "Comparison of Methods for Estimating Pile Capacity" (1988) found that the Hiley, Gates, Janbu, and Pacific Coast Uniform Building code formulas all provide relatively more dependable results than the Engineering News formula.  The dynamic formula contained in this specification is the Gates formula which has been revised to reflect the ultimate pile capacity in kilonewtons.  The formula in this specification already includes the 80% efficiency factor on the rated energy, E, recommended by Gates.

The Gates formula was also studied by Olson and Flaate (1967) and found to be the most consistent of the dynamic formulas studied.  However, all dynamic formulas are not suited for soft cohesive soils.  Engineers planning to use dynamic formula should carefully read these references to comprehend the limitations involved with their use.  A design safety factor of 3.5 is recommended when using the Gates formula to determine the safe design load, i.e., if a design load of 1000 kN is required in the bearing layer, then an ultimate pile capacity of 3500 kN should be used in the Gates formula to determine the necessary driving resistance.  The formula was selected for its relative accuracy, consistency and simplicity of use.  However, the top priority for highway agencies should be to change from dynamic formulas to wave equation analysis.

B.
Compression Load Tests
1.
Static Load Tests:  Compression load tests shall be performed by procedures set forth in ASTM D-1143 using the quick load test method, except that the test shall be taken to plunging failure or the capacity of the loading system.  Testing equipment and measuring systems shall conform to ASTM D-1143, except that the loading system shall be capable of applying 150% of the ultimate pile capacity or 9000 kN, whichever is less, and that a load cell and spherical bearing plate shall be used.  The Contractor shall submit to the Engineer for approval detailed plans prepared by a licensed professional engineer of the proposed loading apparatus.  The apparatus shall be constructed to allow the various increments of the load to be placed gradually, without causing vibration to the test pile.  When the approved method requires the use of tension (reaction) piles, the tension piles, when feasible, shall be of the same type and diameter as the production piles, and shall be driven in the location of permanent piles except that timber or tapered piles installed in permanent locations shall not be used as tension piles.

The design load shall be defined as 50% of the failure load.  The failure load for the pile shall be defined as follows: for piles 610 mm or less in diameter or width, the failure load of a pile tested under axial compressive load is that load which produces a settlement at failure of the pile head equal to:

sf = Δ + (4.0 + 0.008b)

Where:

sf = Settlement at failure in mm.

b = Pile diameter or width in mm.

Δ = Elastic deformation of total pile length in mm.

For piles greater than 610 mm in diameter or width:
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The top elevation of the test pile shall be determined immediately after driving and again just before load testing to check for heave.  Any pile which heaves more than 6 mm shall be redriven or jacked to the original elevation prior to testing.  Unless otherwise specified in the contract, a minimum 3‑day waiting period shall be observed between the driving of any anchor piles or the load test pile and the commencement of the load test.

Commentary:  
The pile capacity may increase (soil setup) or decrease (relaxation) after the end of driving.  Therefore, it is essential that static load testing be performed after equilibrium conditions in the soil have re-established.  Static load tests performed before equilibrium conditions have re-established will underestimate the long term pile capacity in soil setup conditions and overestimate the long term capacity in relaxation cases.  For piles in clays, specifications should require at least 2 weeks or longer to elapse between driving and load testing.  In sandy silts and sands, 5 days to a week is usually sufficient.  Load testing of piles driven into shales should also be delayed for at least 2 weeks after driving.  Additional discussion on time dependent changes in pile capacity may be found in Section 9.10.1.

Each static load test pile should be determining the load transferred to the pile toe.  Instrumentation commonly consists of strain gages and/or telltale rods mounted at varying depths from the pile toe.  Also, a load cell and spherical bearing plate should be mounted between the load frame and the pile head to verify the readings from the hydraulic jack pressure gauge.  Due to jack ram friction, loads indicated by a jack pressure gauge are commonly 10% to 20% higher than the actual load imposed on the pile.  Last, after completion of a load test on a non​ production pile, the static test pile should be pulled and checked for damage.  The examination of the extracted pile will determine driving damage and its effect on capacity.  

When static load tests are used to control production pile driving, the time required to analyze the load test results and establish driving criteria should be specified so that the delay time to the contractor is clearly identified.  Static load testing is discussed in greater detail in Chapter 19 of this manual.  A more detailed specification for static load testing may be found in FHWA-SA-91-042, Static Testing of Deep Foundations.
2.
Dynamic Load Tests:  Dynamic measurements following procedures set forth in ASTM D-4945 will be taken by the Engineer during the driving of piles designated as dynamic load test piles.

Commentary:
When static load tests are specified, dynamic load tests are recommended to be performed on at least half the reaction piles prior to driving the static load test pile.  The dynamic test results are used both to verify that the desired ultimate pile capacity can be attained at the proposed estimated static load test pile penetration depth and to fine tune the dynamic test equipment for site soil conditions.  Dynamic monitoring of the load test pile during both initial driving and during restriking after completion of the static load test are also recommended.  This allows correlation of static test results with dynamic test results. Signal matching techniques using the dynamic test data can further quantify dynamic soil parameters such as soil quake and damping for the site.  When dynamic tests are specified on production piles, the first pile driven in each substructure foundation is recommended to be tested.  Where uniform soil conditions exist across a site, the number of dynamic tests may be reduced based on recommendations from the agency's geotechnical engineer.  

This section of the specifications applies to the Contractor's activities as they relate to the dynamic testing of piles.  If the dynamic tests are to be performed by an independent firm and not transportation department personnel, an additional specification section detailing analysis and reporting requirements must be added.  Dynamic tests are discussed in greater detail in Chapter 18 of this manual.
Prior to placement in the leads, the Contractor shall make each designated concrete and/or timber pile available for taking of wave speed measurements and for predrilling the required instrument attachment holes.  Predriving wave speed measurements will not be required for steel piles.  When wave speed measurements are made, the piling shall be in a horizontal position and not in contact with other piling.  The Engineer will furnish the equipment, materials, and labor necessary for drilling holes in the piles for mounting the instruments.  The instruments will be attached near the head of the pile with bolts placed in masonry anchors for the concrete piles, or through drilled holes on the steel piles, or with wood screws for timber piles.

The Contractor shall provide the Engineer reasonable means of access to the pile for attaching instruments after the pile is placed in the leads.  A platform with minimum size of 1.2 x 1.2 m (1.4 sq. m) designed to be raised to the top of the pile while the pile is located in the leads shall be provided by the Contractor.  It is estimated that the Engineer will need approximately 1 hour per pile to install the dynamic test equipment.

The Contractor shall furnish electric power for the dynamic test equipment.  The power supply at the outlet shall be 10 amp, 115 volt, 55‑60 cycle, A.C. only.  Field generators used as the power source shall be equipped with functioning meters for monitoring voltage and frequency levels.

The Contractor shall furnish a shelter to protect the dynamic test equipment from the elements.  The shelter shall have a minimum floor size of 2.5 x 2.5 m (6.2 sq. m) and minimum roof height of 2 m.  The inside temperature of the shelter shall be maintained above 45 degrees.  The shelter shall be located within 15 m of the test location.

With the dynamic testing equipment attached, the Contractor shall drive the pile to the design penetration depth or to a depth determined by the Engineer.  The Engineer will use the ultimate pile capacity estimates at the time of driving and/or restriking from dynamic test methods to determine the required pile penetration depth for the ultimate pile capacity.  The stresses in the piles will be monitored during driving with the dynamic test equipment to ensure that the values determined do not exceed the values in Section XXX.03(B).  If necessary, the Contractor shall reduce the driving energy transmitted to the pile by using additional cushions or reducing the energy output of the hammer in order to maintain stresses below the values in Section XXX.03(B).  If non‑axial driving is indicated by dynamic test equipment measurements, the Contractor shall immediately realign the driving system.

The Contractor shall wait up to 24 hours (or a longer duration specified in the contract documents) and restrike the dynamic load test pile with the dynamic testing instruments attached.  It is estimated that the Engineer will require approximately ½ hour to reattach the instruments.  A cold hammer shall not be used for the restrike.  The hammer shall be warmed up before restrike begins by applying at least 20 blows to another pile.   The maximum amount of penetration required during restrike shall be 150 mm, or the maximum total number of hammer blows required will be 50, whichever occurs first.  After restriking, the Engineer will either provide the cutoff elevation or specify additional pile penetration and testing.

Commentary:
For purposes of measurement and payment one dynamic test includes all data collected on one pile during both the initial pile driving and a restrike done up to 24 hours after the initial driving.  Additional long term restrikes should be paid for as separate tests unless the restrike schedule is specifically stated in the dynamic test specification.  

The restrike time and frequency should be clearly stated in the specifications and should be based on the time dependent strength change characteristics of the soil.  The following restrike durations are often used:

Soil Type


Time Delay Until Restrike
Clean Sands



1 Day

Silty Sands



2 Days

Sandy Silts



3-5 Days

Silty Clays



7-14 Days*

Shales



10-14 Days*

*Longer times sometimes required.

The restrike time interval is particularly important when dynamic testing is used for construction control.  Specifying too short of a restrike time for friction piles in fine grained deposits may result in pile length overruns.  However, it is sometimes difficult for long term restrikes to be accommodated in the construction schedule.  In these cases, multiple restrikes are sometimes specified on selected piles with shorter term restrikes at other locations.

The time necessary to analyze the dynamic test results and provide driving criteria to the contractor once restrikes are completed should also be stated in the specifications.  This is important when the testing is done by agency personnel or their consultants as well as when the testing firm is retained by the contractor.  In cases where the testing is retained by the contractor, the time required for the agency to review the test results and provide driving criteria should be specified relative to the agency's receiving the test results.
3.
General:  On completion of the load testing, any test or anchor piling not a part of the finished structure shall be removed or cut off at least 300 mm below either the bottom of footing or the finished ground elevation, if not located within the footing area.

C. 
Test Piles (Indicator Piles):  Test piles shall be driven when shown on the plans at the locations and to the penetration depths specified by the Engineer.  All test piles shall be driven with impact hammers unless specifically stated otherwise in the plans.  In general, the specified length of test piles will be greater than the estimated length of production piles in order to provide for variation in soil conditions.  The driving equipment used for driving test piles shall be identical to that which the Contractor proposes to use on the production piling.  Approval of driving equipment shall conform with the requirements of these Specifications.  The Contractor shall excavate the ground at each test pile to the elevation of the bottom of the footing before the pile is driven.

Test piles shall be driven to a driving resistance established by the Engineer at the estimated pile toe elevation.  Test piles which do not attain the driving resistance specified above at a depth of 0.25 meter above the estimated pile toe elevation shown on the plans shall be allowed to "set up" for 12 to 24 hours, or as directed by the Engineer, before being redriven.  A cold hammer shall not be used for redrive. The hammer shall be warmed up before driving begins by applying at least 20 blows to another pile.  If the specified driving resistance is not attained on redriving, the Engineer may direct the Contractor to drive a portion or all of the remaining test pile length and repeat the "set up" redrive procedure.  Test piles driven to plan grade and not having the driving resistance required, shall be spliced and driven until the required capacity is obtained.

A record of driving of the test pile will be prepared by the Engineer, including the number of hammer blows per 0.25 meter for the entire driven length, the as-driven length of the test pile, cutoff elevation, penetration in ground, and any other pertinent information.  The Contractor shall provide the information listed in Figure 12.1 of Section XXX.03(B) to the Engineer for inclusion in the record.  If a redrive is necessary, the Engineer will record the number of hammer blows per 25 mm of pile movement for the first 0.25 meter of redrive.  The Contractor shall not order piling to be used in the permanent structure until test pile data has been reviewed and pile order lengths are authorized by the Engineer.  The Engineer will provide the pile order list within 7 calendar days after completion of all test pile driving specified in the contract documents.

Commentary:
Test piles are particularly recommended on projects where: 1) large quantities or long length of friction piling are estimated, even if load tests are to be used at adjacent footings; 2) large ultimate soil resistance is expected in relation to the design load and, 3) where concrete piles are used.

D.
Ultimate Pile Capacity:  Piles shall be driven by the Contractor to the penetration depth shown on the plans or to a greater depth if necessary to obtain the ultimate pile capacity.  The ultimate pile capacity shall be determined by the Engineer based on one of the methods listed in Section XXX.04(A).

Jetting or other methods shall not be used to facilitate pile penetration unless specifically permitted in the contract plans or in writing by the Engineer.  The ultimate pile capacity of jetted piles shall be based on driving resistances recorded during impact driving after the jet pipes have been removed.  Jetted piles not attaining the ultimate pile capacity at the ordered length shall be spliced, as required, at the Contractor's cost, and driven with an impact hammer until the ultimate pile capacity is achieved, as indicated by the appropriate criteria in Section XXX.04(A).

The ultimate pile capacity of piles driven with followers shall only be considered acceptable when the follower driven piles attain the same pile toe elevation as the full length piles driven without followers, installed per Section XXX.03(C), which attained the required ultimate pile capacity.

The ultimate pile capacity of piles driven with vibratory hammers shall be based on the driving resistance recorded during impact driving after the vibratory equipment has been removed from the first pile in each group of 10 piles.  Vibrated piles not attaining the ultimate pile capacity at the ordered length shall be spliced, as required, at the Contractor's cost, and driven with an impact hammer until the ultimate pile capacity is achieved, as indicated by the appropriate criteria in Section XXX.04(A).  When the ultimate pile capacity is attained, the remaining 9 piles shall be installed to similar depths with similar vibratory hammer power consumption and rate of penetration as the first pile.

E.
Preparation and Driving
1.
General:  The heads of all piles shall be plane and perpendicular to the longitudinal axis of the pile before the helmet is attached.  The heads of all concrete piles shall be protected with a pile cushion as described in Section XXX.03(C).

During pile driving, the pile cushion shall be changed as described in Section XXX.03(C) before excessive compression or damage takes place.  Approval of a pile hammer relative to driving stress damage shall not relieve the Contractor of responsibility for piles damaged because of misalignment of the leads, failure of cushion materials, failure of splices, malfunctioning of the pile hammer, or other improper construction methods.  Piles damaged for such reasons shall be rejected and replaced at the Contractor's expense when the Engineer determines that the damage impairs the strength of the pile.

2.
Preboring:  Augering, wet‑rotary drilling, or other methods of preboring shall be used only when approved by the Engineer or in the same manner as used for any indicator piles or load test piles.  When permitted, such procedures shall be carried out in a manner which will not impair the capacity of the piles already in place or the safety of existing adjacent structures.

Except for end bearing piles, preboring shall be stopped at least 1.5 m above the pile toe elevation, determined from the ordered length and the pile shall be driven with an impact hammer to a driving resistance specified by the Engineer.  Where piles are to be end‑bearing on rock or hardpan, preboring may be carried to the surface of the rock or hardpan, and the piles shall be restruck with an impact hammer to insure proper seating.

If the Engineer determines that preboring has disturbed the capacities of previously installed piles, those piles that have been disturbed shall be restored to conditions meeting the requirements of this specification by redriving or by other methods acceptable to the Engineer.  Redriving or other remedial measures shall be instituted after the preboring operations in the area have been completed.  The Contractor shall be responsible for the costs of any necessary remedial measures, unless the preboring method was specifically included in the contract documents and properly executed by the Contractor.

3.
Location and Alignment Tolerance:  The pile head at cutoff elevation shall be within 50 mm of plan locations for bent caps supported by piles, and shall be within 150 mm of plan locations for all piles capped below final grade.  The as‑driven centroid of load of any pile group at cutoff elevation shall be within 5% of the plan location of the designed centroid of load.  No pile shall be nearer than 100 mm from any edge of the cap.   Any increase in size of cap to meet this edge distance requirement shall be at the Contractor's expense.

Piles shall be installed so that the axial alignment of the top 3 m of the pile is within 2% of the specified alignment.  For piles that cannot be inspected internally after installation, an alignment check shall be made before installing the last 1.5 m of pile, or after installation is completed provided the exposed portion of the pile is not less than 1.5 m in length.  The Engineer may require that driving be stopped in order to check the pile alignment.  Pulling laterally on piles to correct misalignment, or splicing a properly aligned section on a misaligned section shall not be permitted.

If the location and/or alignment tolerances specified in the preceding paragraphs are exceeded, the extent of overloading shall be evaluated by the Engineer.  If in the judgement of the Engineer, corrective measures are necessary, suitable measures shall be designed and constructed by the Contractor.  The Contractor shall bear all costs, including delays, associated with the corrective action.

Commentary:
Conditions exist, such as soft overburden soils directly overlying a sloping bedrock, where final pile location and/or alignment may be beyond the contractor's control.  These cases should be identified during the design stage with specifications tailored to meet the site and project requirements.
4.
Heaved Piles:  Level readings to measure pile heave after driving shall be made by the Engineer at the start of pile driving operations and shall continue until the Engineer determines that such checking is no longer required.  Level readings shall be taken immediately after the pile has been driven and again after piles within a radius of 5 m have been driven.  If pile heave is observed, accurate level readings referenced to a fixed datum shall be taken by the Engineer on all piles immediately after installation and periodically thereafter as adjacent piles are driven to determine the pile heave range.  All piles that have been heaved more than 6 mm shall be redriven at the Contractor's cost, to the required resistance or penetration.  Concrete shall not be placed in pile casings until pile driving has progressed beyond a radius of 5 m from the pile to be concreted.  If pile heave is detected for pipe or shell piles which have been filled with concrete, the piles shall be redriven to original position after the concrete has obtained sufficient strength and a proper hammer‑pile cushion system, satisfactory to the Engineer, is used.

5.
Installation Sequence:  The order of placing individual piles in pile groups shall be either starting from the center of the group and proceeding outwards in both directions, or starting at the outside row and proceeding progressively across the group.

F.
Unsatisfactory Piles.  The method used in driving piles shall not subject the piles to excessive or undue abuse producing crushing and spalling of concrete, injurious splitting, splintering, and brooming of the wood, or deformation of the steel.  Misaligned piles shall not be forced into proper position.  Any pile damaged during driving by reason of internal defects, or by improper driving, or driven out of its proper location, or driven below the designated cutoff elevation, shall be corrected by the Contractor, without added compensation, by a method approved by the Engineer.

Commentary:
The following procedures may be used to correct unsatisfactory pile conditions:

1. The pile may be withdrawn and replaced by a new and, when necessary, longer pile.  In removing piles, jets may be used in conjunction with jacks or other devices for pulling in an effort to remove the whole pile

2. A second pile may be driven adjacent to the defective pile.

3. The pile may be spliced or built up as otherwise provided herein, or a sufficient portion of the footing extended to properly embed the pile. 

4. All piles pushed up by the driving of adjacent piles, or by any other cause, shall be redriven.
Piles which have been bent during installation shall be considered unsatisfactory unless the ultimate capacity is proven by load tests performed at the Contractor's expense.  If such tests indicate inadequate capacity, corrective measures as determined by the Engineer shall be taken, such as use of bent piles at reduced capacity, installation of additional piles, strengthening of bent piles, or replacement of bent piles.

A concrete pile will be considered defective if a visible crack, or cracks, appears around the entire periphery of the pile, or if any defect is observed which, as determined by the Engineer, affects the strength or life of the pile.

G.
Splices.  Full length piles shall always be used where practical.  In no case shall timber piles be spliced.  Where splices are unavoidable for steel or concrete piles, their number, locations and details shall be subject to approval of the Engineer.  Splices in steel piles and steel pile casings shall be welded in conformance with Section XXX.  Splices for cast in place piles shall be watertight.  Splices for concrete piles shall be made by the cement​ dowel method as detailed on the plans unless the Engineer approves alternate splices.  Mechanical splices for concrete or steel piles may be approved by the Engineer if the splice can transfer the full pile strength in compression, tension and bending.  Shop drawings of any proposed mechanical splice shall be submitted to the Engineer for approval.

H.
Pile Shoes.  Pile shoes of the type and dimensions specified shall be provided and installed when shown on the contract plans.  Shoes for timber piles shall be metal and shall be fastened securely to the pile.  Timber pile toes shall be carefully shaped to secure an even uniform bearing on the pile shoe.  Steel pile shoes shall be fabricated from cast steel conforming to ASTM A 27.

Commentary:
H‑pile shoes composed of steel plates welded to the flanges and webs are not recommended because this reinforcement provides neither protection nor increased strength at the critical area of the flange to web connection.  Only prefabricated pile shoes made of ASTM A 27 cast steel have been proven reliable.  The designer should select and detail on the plans the proper pile shoe to suit the application.  Additional information on pile shoes is presented in Chapter 23 of this manual.

I.
Cutoff Lengths.  The pile head of all permanent piles and pile casings shall be cutoff at the elevation shown on the plans or as ordered by the Engineer.  All cutoff lengths shall become the property of the Contractor, and shall be removed by the Contractor from the site of the work.

Commentary:
Additional structural details for timber, steel, concrete and cast in place piles should be included by each agency in this driven pile specification, either directly or by reference to appropriate sections of the individual agency's standard specification.  Typical items include: timber pile butt treatment and preservative treatment; precast concrete pile reinforcement, forming, casting, curing, and handling; steel pile field painting; cast in place pile details for shell, interior reinforcement and concrete.

SECTION XXX.05.  METHOD OF MEASUREMENT

A.
Timber, Steel, and Precast Concrete Piles
1.
Piles Furnished:  The unit of measurement for payment for furnishing timber, steel, and precast concrete piles shall be the linear meter.  The quantity to be paid for will be the sum of the lengths in meters of the piles, of the types and lengths ordered in writing by the Engineer, furnished in compliance with the material requirements of these specifications, stockpiled in good condition at the site of the work by the Contractor, and accepted by the Engineer.  No allowance will be made for that length of piles, including test piles, furnished by the Contractor to replace piles which were previously accepted by the Engineer, but are subsequently damaged prior to completion of the contract.

When extensions of piles are necessary, the extension length ordered in writing by the Engineer will be included in the linear meters of piling furnished.

2.
Piles Driven:  The units of measurement for driving timber, steel, and precast concrete piles shall be per linear meter of piling in place measured below the cutoff elevation.  The measured length will be rounded to the nearest meter.

Preboring, jetting or other methods used for facilitating pile driving procedures will not be measured and payment shall be considered included in the unit price bid for the Piles Driven pay item.

B.
Cast in Place Pipe or Shell Concrete Piles.  The quantity of cast in place pipe or shell concrete piles to be paid for will be the actual number of linear meters of steel pipe or shell piles driven, cast, and left in place in the completed and accepted work.  Measurements will be made from the toe of the steel pipe or shell pile to the bottom of the cap or bottom of the footing, as the case may be.

No separate measurement will be made for reinforcing steel, excavation, drilling, cleaning of drilled holes, drilling fluids, sealing materials, concrete, casing, and or any other items required to complete the work.  Preboring, jetting or other methods used for facilitating pile driving procedures will not be measured and payment shall be considered included in the unit price bid for the driven and cast in place pay item.

C.
Pile Shoes.  The number of pile shoes measured for payment shall be those shoes actually installed on piles and accepted for payment by the Engineer.

D.
Load Tests.  The quantity of load tests to be paid for will be the number of load tests completed and accepted, except that load tests made at the option of the Contractor will not be included in the quantity measured for payment.

Reaction and test piling which are not a part of the permanent structure will be included in the unit price bid for each load test.  Reaction and test piling, which are a part of the permanent structure, will be paid for under the appropriate pay item.

E.
Splices.  The number of splices measured for payment shall be only those splices actually made as required to drive the piles in excess of the ordered length furnished by the Engineer.

F.
Furnishing Equipment for Driving Piles.  Payment will be made at the lump sum price bid for this item as follows: Seventy‑five percent (75%) of the amount bid will be paid when the equipment for driving piles is furnished and driving of satisfactory piles has commenced.  The remaining 25% will be paid when the work of driving piles is completed.  The lump sum price bid shall include the cost of furnishing all labor, materials and equipment necessary for transporting, erecting, maintaining, replacing any ordered equipment, dismantling and removing of the entire pile driving equipment.  The cost of all labor, including the manipulation of the pile driving equipment and materials in connection with driving piles, shall be included in the unit price bid per linear meter for the piles to be driven.  The furnishing of equipment for driving sheet piling is not included in this work.  Payment for furnishing and using a follower, augers or jetting will be considered as included in the unit price bid for piles.

SECTION XXX.06  BASIS OF PAYMENT

The accepted quantities, determined as provided above, will be paid for at the contract price per unit of measurement, respectively, for each of the particular pay items listed below that is shown in the bid schedule, which prices and payment will be full compensation for the work prescribed in this section.  Payment will be made under:

Pay Item








Pay Unit

XXX(l)



 piles, furnished



Linear meter

XXX(2)


 piles, driven




Linear meter

XXX(3)


 piles, driven & cast in place

Linear meter

XXX(4)


 test piles, furnished



Linear meter

XXX(5)


 test piles, driven



Linear meter

XXX(6)


 test piles, driven & cast in place

Linear meter

XXX(7)
Pile load test (static)




Each

XXX(8)
Pile load test (dynamic)




Each

XXX(9)
Splices






Each

XXX(10)
Pile Shoes






Each

XXX(11)
Furnishing Equipment for Pile Driving


Each

Commentary:
The above pile payment items have been chosen to separate the major fixed costs from the variable costs.  Many highway agencies oversimplify pile payment by including all costs associated with the driving operation in the price per meter of pile installed.  Contractors bidding such "simple" items need to break down the total cost of the mobilization, splices, shoes, etc., to a price per linear meter based on the total estimated quantity.  If that quantity underruns, the contractor does not recover the full cost of mobilization, splices, shoes, etc.  If that quantity overruns, the highway agency pays an unfair price for the overrun quantity.  The use of separate items for operations of major fixed cost such as mobilization can substantially mitigate the inequitable impact of length variations.  Similarly, the ordered pile length is the highway agency's responsibility.  Separate payment for furnishing piles and driving piles compensates the contractor for actual materials used and installation costs, even when overruns or underruns occur. 
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